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Abstract 

Using  dynamic  light  scattering  and  scanning  electron  microscope  (SEM).  it  is  shown  that  a  high-carbon-number  alcohol/water,  i.e., 
2-propanol/water,  mixed  solvent  is  more  effective  than  low-carbon-number  alcohol/water,  i.e.,  ethanol/water  and  methanol/water,  mixed 
solvents  in  dispersing  Nation  molecules.  Thus,  it  is  a  better  solvent  for  the  preparation  of  Nafion/PTFE  (poly(tetrafluoroethylene))  composite 
membranes.  The  performance  of  direct  methanol  fuel  cells  (DMFCs)  with  a  Nafion/PTFE  composite  membrane,  which  was  prepared  in-house, 
a  commercial  Nation- 1 17  membrane,  or  a  commercial  Nation- 1 12  membrane  were  investigated  by  feeding  various  concentrations,  i.e.,  2-5  M, 
of  methanol  to  the  anode.  The  Nafion/PTFE  composite  membrane  gave  a  better  DMFC  performance  than  that  obtained  with  Nation- 117  or 
Nation- 112  membranes.  Using  a  DMFC  model  and  varying  the  methanol  concentration  at  the  anode,  cell  voltage  data  were  analyzed  with 
respect  to  methanol  concentration  and  cell  current.  The  results  indicate  that  inserting  porous  PTFE  into  Nation  polymer  causes  a  reduction 
not  only  in  methanol  diffusion  cross-over  but  also  in  the  electro-osmosis  of  methanol  cross-over  in  the  membrane. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

The  perfluorosulfonated  ionomer  (PFSI)  membrane  is  suc¬ 
cessful  as  a  proton  exchange  membrane  (PEM)  for  fuel  cells. 
It  is  generally  accepted  that  PEM  fuel  cells  present  an  at¬ 
tractive  alternative  to  traditional  power  sources,  due  to  their 
high  efficiency  and  pollution-free  operation.  Nevertheless, 
the  high  cost  of  the  cell  components  is  an  impediment  to 
their  commercialization.  One  of  the  primary  contributors  to 
the  high  cost  of  PEM  fuel  cells  is  the  PFSI  membrane.  Recent 
research  reports  have  shown  [1-8]  that  cost  reduction  can  be 
realized  by  replacing  the  PFSI  membrane  with  a  PFSI-based 
composite  membrane.  Composite  membranes  may  be  pre¬ 
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pared  by  impregnation  of  a  low-cost  microporous  support  ma¬ 
terial  with  a  PFSI  solution.  The  most  common  PFSI  solution 
and  porous  membrane  for  preparing  composite  membranes 
are  Nafion  solution,  a  registered  trademark  of  DuPont,  and 
porous  polytetrafluoroethylene  (PTFE)  membrane,  respec¬ 
tively.  It  is  important  to  note  that  the  composite  membranes 
contain  much  less  of  the  expensive  PFSI  resin  than  traditional 
PFSI  membranes  such  as  Nafion-117,  thus  the  cost  of  com¬ 
posite  membranes  is  much  lower.  They  also  offer  other  advan¬ 
tages  such  as  good  mechanical  strength  in  both  the  swollen 
and  the  unswollen  states,  good  thermo-stability,  and  thinner 
thickness  (the  thickness  of  composite  membranes  prepared 
in  the  author’s  laboratory  is  around  20  |xm,  whereas  the  thick¬ 
ness  of  Nahon-1 17  and  Nafion-1 12  membranes  is  around  175 
and  50  pjn,  respectively). 

Nafion  has  a  chemical  structure  with  a  hydrophobic 
tetrafluoride  backbone  and  hydrophilic  ionic  side-chains.  It 
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has  been  reported  [9]  that  Nafion  polymers  aggregate  in  di¬ 
lute  low  alcohol  and  water  solvents  and  form  fringed,  cylin¬ 
drical  rods  with  ionic  side  chains  located  on  the  periphery 
of  the  rods.  These  aggregates  cause  a  problem  for  impreg¬ 
nating  porous  PTFE  membranes  with  Nafion  solutions,  i.e., 
the  pores  of  PTFE  membranes  are  not  fully  impregnated  by 
Nafion  resin  because  of  the  larger  sizes  of  the  Nafion  aggre¬ 
gates  compared  with  the  pore  sizes  of  the  PTFE  membranes. 

Yeo  [10]  determined  the  solubility  parameter  using  the 
swelling  method  and  found  dual  solubility  parameters  for 
Nafion:  one  (<5  =  20.6  J1/2  cm“3/2)  was  attributed  to  the  Nafion 
organic  backbone  and  the  other  (5  =  34.2  J1/2  cm_3/2)  was  at¬ 
tributed  to  the  ionic  side-chains.  The  aggregation  of  Nafion 
molecules  in  the  solvents  depends  strongly  on  the  dielec¬ 
tric  constant  and  the  solubility  of  the  solvents.  In  this  pa¬ 
per,  dynamic  light  scattering  (DLS)  has  been  used  to  mea¬ 
sure  the  particle-size  distributions  of  dilute  Nafion  in  vari¬ 
ous  low  alcohol/water  mixture  solvents,  i.e.,  methanol/water, 
ethanol/water  and  2-propanol/water,  that  have  different  sol¬ 
ubility  parameters.  The  data  show  that  the  particle  sizes  of 
Nafion  molecular  aggregates  decrease  while  the  solubility  pa¬ 
rameter  of  solvent  is  close  to  the  solubility  parameter  of  the 
Nafion  backbone  (8  =  20.6  J 1/2 cm- 3/2).  Nafion  has  the  small¬ 
est  aggregate  size  in  2-propanol/water  solvent  and  the  largest 
aggregate  size  in  methanol/water  solvent.  Thus,  Nafion/PTFE 
composite  membranes  have  been  prepared  by  impregnating 
porous  PTFE  membranes  with  a  2-propanol/water  mixture 
solvent,  which  has  better  compatibility  with  the  Nafion  back¬ 
bone  than  the  other  alcohols.  The  small  size  of  the  Nafion  ag¬ 
gregates  cause  Nafion  molecules  to  be  easily  plugged  into 
the  micropores  of  the  PTFE  membranes  and  results  in  a 
better  fuel/oxidant  barrier  property.  Comparison  is  under¬ 
taken  of  the  physical  properties  and  the  performance  of  direct 
methanol  fuel  cells  (DMFCs)  with  composite  membranes  or 
Nafion-series  membranes,  provided  by  DuPont  Co.  It  has 
been  reported  [6,8,11-13]  that  a  Nafion/PTFE  (NP-)  com¬ 
posite  membrane  gives  better  performance  in  a  H2/O2  poly¬ 
mer  electrolyte  membrane  fuel  cell  (PEMFC)  than  DuPont 
Nafion-series  membranes.  On  the  other  hand,  few  papers 
have  examined  the  performance  of  DMFCs  prepared  with 
NP-composite  membranes.  This  study  demonstrates  that  the 
NP-composite  membrane  gives  better  DMFC  performance 
than  DuPont  Nafion-series  membranes. 


2.  Experimental 

2.1.  Materials 

The  Nafion  solution  (DuPont  Co.)  was  5wt.%  of  1100 
EW  Nafion  diluted  in  a  mixed  solvent  of  water,  propanol, 
methanol,  and  unspecified  ethers  [14].  The  mixed  solvent 
was  evaporated  at  60  °C  under  vacuum  for  1  h  to  obtain  a  pure 
Nafion  solid  resin.  The  latter  was  used  to  prepare  Nafion  so¬ 
lutions  with  specified  solvents.  A  porous  polytetrafluoroethy- 
lene  membrane  (PTFE  membrane,  Yue-Ming-Tai  Chemical 


Ind.  Co.,  Taichung,  Taiwan)  with  a  thickness  of  18  ±  3  |xm, 
pore  sizes  of  0.5  ±0.1  |xm,  and  a  porosity  of  52  ±5%  was 
used  as  a  supporting  material  for  the  composite  membranes. 
Methanol,  ethanol,  and  2-propanol  (chemical  reagents,  Re- 
del  de  Hae  Co.,  Germany)  were  used  to  prepare  the  Nafion 
solutions. 

2.2.  Particle-size  distributions  of  Nafion  solutions 

The  Nafion  particle-size  distributions  of  three  1  mg  cm-1 
Nafion  solutions  prepared  with  various  solvents,  i.e., 
methanol/water  (4/1  wt.  ratio),  ethanol/  water  (4/1  wt.  ra¬ 
tio),  and  2-propanol/water  (4/1  wt.  ratio),  were  investigated 
by  means  of  dynamic  light  scattering  (DLS,  model  BI9000, 
Brookhaven  Co.,  New  York,  USA)  with  a  25  mW  He-Ne 
laser  (wavelength  X  =  632.8  nm.  Spectra  Physics  Co.,  USA). 
The  DLS  field  correlation  functions  g(l\t)  of  Nafion  solutions 
were  obtained  at  30  °C  with  a  scattering  angle  of  0  =  30°.  The 
Nafion  particle-size  distributions  were  calculated  from g(l>(t) 
using  CONTIN  software. 

2.3.  Preparation  of  Nafion/PTFE  composite  membranes 

The  porous  PTFE  membranes  were  mounted  on 
12  cm  x  12  cm  steel  frames  and  boiled  in  acetone  at  55  °C 
for  1  h.  Each  pretreated  PTFE  membrane  was  impreg¬ 
nated  with  a  5  wt.%  Nafion/2-propanol/water  (with  2- 
propanol/water  =  4/1  in  wt.  ratio)  solution  for  24  h.  The 
impregnated  membranes  were  then  annealed  at  120  °C 
for  1  h.  After  annealing,  the  membranes  were  swollen 
with  distilled  water  for  24  h.  Finally,  the  membranes 
were  swollen  with  IN  sulfuric  acid  for  4h.  The  final 
composition  (wt.  ratio)  of  the  composite  membrane  was 
PTFE/Nafion/water  =  42.5/49.5/8.0,  and  the  thickness  was 
20  ±  3  |xm. 

2.4.  Characterization  of  Nafion/PTFE  composite 
membranes 

The  morphology  of  the  surfaces  of  the  composite  mem¬ 
branes  was  studied  by  means  of  a  scanning  electron  micro¬ 
scope  (SEM,  model  JSM-5600,  Jeol  Co.,  Japan).  The  sample 
surface  was  coated  with  gold  powder  under  vacuum.  The 
ionic  conductivity  (er)  was  calculated  from  the  measured  cur¬ 
rent  resistance  (R).  i.e., 

cr  =  l/(A  x  R)  (1) 

where  A  is  the  cross-sectional  area  of  the  membrane  and  / 
is  the  thickness.  The  value  of  R  was  determined  with  an  a.c. 
impedance  system  (model  SA1125B,  Solartron  Co.,  UK).  A 
device  for  holding  the  membrane  was  located  between  the 
probes.  The  testing  device  with  the  membrane  was  kept  in  a 
thermostat  at  a  relative  humidity  of  95%  and  a  temperature 
of  70  °C.  The  membrane  area.  A,  for  R  measurement  was 
3.14  cm2.  The  proton  resistance  r  per  unit  area  of  a  membrane 
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was  obtained  from  Eq.  (2): 

r  =  l/a  =  AR  (2) 

Methanol  cross-over  in  membranes  was  investigated  with  an 
apparatus  designed  in-hand.  A  device  for  holding  the  mem¬ 
brane  was  located  centrally  so  as  to  separate  a  container  into 
two  vessels,  with  each  vessel  having  a  volume  of  102  ml. 
At  the  beginning  of  the  methanol  cross-over  test,  vessel- 1 
was  filled  with  3  M  methanol/water  solution  and  vessel-2 
was  filled  with  pure  water.  The  whole  apparatus  was  main¬ 
tained  at  a  temperature  of  25  °C.  The  methanol  passing  across 
the  membrane  was  characterized  by  measuring  the  methanol 
concentration  of  vessel-2  (C 2)  versus  testing  time  using  a  gas 
chromatograph  (GC,  HP  Co.  model  8590A)  with  a  capillary 
column  (Agilent  Co.,  30  m  x  0.53  mm  x  20  (Jim)  and  a  TCD 
detector.  The  carrier  gas  for  GC  was  helium  and  the  injection 
sample  size  was  0.2  (jlL.  The  injector,  oven,  and  detector  tem¬ 
peratures  of  the  GC  were  120,  100,  and  130  °C,  respectively. 
The  normalized  methanol  cross-over  rate  was  calculated  as: 

Xr  =  C2  x  !/(A'  x  10  h)  [(wt.%  MeOH)  cm-1  h-1]  (3) 

where  Xr  is  the  normalized  rate  of  methanol  cross-over,  C 2 
(in  units  of  wt.%)  the  methanol  concentration  of  vessel-2  at 
a  testing  time  of  lOh,  A' =  5. 3 lcm2  is  the  cross-sectional 
area  of  membrane  for  methanol  cross-over  measurements, 
and  /  the  thickness  of  the  membrane.  If  it  is  assumed  that  the 
quantity  of  methanol  cross-over  from  vessel- 1  to  vessel-2  is 
much  smaller  than  the  total  quantity  of  water  in  vessel-2  and 
that  the  density  of  water  is  1  g  cm-3  at  25  °C,  then  the  total 
weight  of  water  in  vessel -2  is  102  g  and  the  molar  rate,  q ,  of 
methanol  cross-over  per  unit  area  of  membrane  in  1  s  is: 

q  —  Xv/l  [wt.%  cm-2  h-1] 

=  Xr/l  [102  g  (wt.%  MeOH)  cm-2  h-1] 

x  [32  g  (mol  MeOH)-1  3600sh-1f  ‘ 

=  Xr/l  x  8.854  x  10-4  [(mol  MeOH)  cm-2  s-1]  (4) 

where  32  g  mol-1  is  the  molecular  weight  of  methanol. 

2.5.  Performance  test  of  direct  methanol  fuel  cell 

The  Nafion  membranes  obtained  from  DuPont  Co.,  i.e., 
Nafion-117  and  Nafion-112,  and  the  NP-composite  mem¬ 
brane  prepared  as  above  were  used  for  the  preparation  of 
membrane  electrode  assemblies  (MEAs).  The  gas-diffusion 
layer  of  the  MEA  was  carbon  paper  (E-TEK  Co.)  pretreated 
with  FEP  resin  (DuPont  Co.).  The  Pt-Ru  catalyst  (E-TEK 
Pt-Ru/C  catalyst  with  40  wt.%  Pt-Ru)  loading  of  the  anode 
was  4.0  mg  cm-2  and  the  Pt  catalyst  (E-TEK  Pt/C  catalyst 
with  40  wt.%  Pt)  of  the  cathode  was  2.0  mg  cm-2. 

The  performance  of  single  cells  prepared  from  Nafion- 
1 12,  Nafion-1 17,  or  NP-composite  membranes  was  tested  at 
70  °C  using  a  Globe  Tech  Computer  Cell  GT  testing  sys¬ 
tem  (Electrochem,  Inc.).  The  input  flow  rate  of  methanol  at 


the  anode  was  5  ml  min-1  with  methanol  concentrations  of 
2,  3,  4,  and  5M,  and  the  cathode  input  O2  flow  rate  was 
150  ml  min- 1 . 


3.  Results  and  discussion 

3.1.  Dynamic  light  scattering  study  of  Nafion 
alcohol/water  solutions 

The  solubility,  8,  and  dielectric  constant,  e,  of  water, 
methanol,  ethanol,  and  2-propanol  [15,16]  are  listed  in 
Table  1.  The  dual-solubility  of  Nafion  [10]  is  also  shown. 
The  data  indicate  that  2-propanol  has  a  better  solubility  with 
the  Nafion  fluorocarbon  backbone  whilst  methanol  has  a 
better  solubility  with  Nafion  ionic  side  chain.  The  dielec¬ 
tric  constant  of  the  solvents  decreases  in  the  following  se¬ 
quence:  water  <  methanol  <  ethanol  <  2-propanol,  which  in¬ 
dicates  that  the  polyelectrolyte  effect  of  Nafion  in  vari¬ 
ous  solvents  decreases  in  the  following  sequence  of  wa¬ 
ter  >  methanol  >  ethanol  >  2-propanol. 

The  particle-size  distributions  of  1.0  mg  cm-3  Nafion  in 
methanol/water,  ethanol/water,  and  2-propanol/  water  so¬ 
lutions  (with  a  wt.  ratio  of  alcohol/water  =  4/1)  are  given 
in  Fig.  1.  These  were  obtained  from  DLS  measurements 
at  30  °C  with  a  scattering  angle  of  0  =  30°.  From  ESR  [9] 
and  small-angle  scattering  data  [17-19],  it  was  concluded 
that  Nafion  molecules  aggregate  in  a  dilute  methanol/water 
solution,  i.e.,  [Nafion]  <0.1  wt.%,  through  hydrophobic  in¬ 
teraction  of  fluorocarbon  backbone  to  form  primary  cylin- 
drically  aggregated  particles  with  ionic  side-chains  located 
around  the  periphery  of  the  cylinders.  The  primary  aggre¬ 
gates  can  form  secondary  ionic  aggregates  through  ionic 
side-chains,  the  number  of  which  increases  with  increasing 
Nafion  concentration  [9,19].  The  data  in  Fig.  1  show  that 
there  is  a  large  particle-size  distribution,  i.e.,  2  x  104  nm, 
of  Nafion  molecules  in  the  methanol/water  mixture  sol¬ 
vent.  There  are  two  modes  of  particle-size  distribution  in 
Nafion/ethanol/water  and  Nafion/2 -propanol/water  solutions 
(middle  and  top  of  Fig.  1,  respectively),  in  which  the  ag¬ 
gregated  Nafion  particles  are  smaller  than  those  in  the 
methanol/water  mixture  solvent.  The  larger  particle  distri¬ 
butions  (average  particle  size  (f )  >  103  nm)  in  these  three  al¬ 
cohol/water  mixture  solvents  are  attributed  to  the  secondary 
ionic  aggregates  of  Nafion  molecules  [9,19].  The  smaller 
particle  distributions  are  attributed  to  the  sizes  of  the  single 


Table  1 

Solubility  parameters  (5)  and  dielectric  ( e )  constants  of  Nafion,  water,  and 
alcohols 


Solvent 

6  (J1/2  cm~3/2) 

£ 

Nafion 

20.6  (backbone),  34.2  (side  chain) 

Water 

47.9 

78.4 

Methanol 

29.7 

32.7 

Ethanol 

26.0 

24.5 

2-Propanol 

23.5 

19.9 

14 
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Log(^)  (nm) 

Fig.  1.  DLS  particle  sizes  (£)  distributions  (A(£))  of  1  mg  cm-3  Nation  so¬ 
lutions  with  solvents:  CH3OH/H2O  (bottom),  C2H5OH/H2O  (middle),  and 
C3H7OH/H2O  (top);  alcohol/H20  wt.  ratio  =  4/1;  scattering  angle  0  =  30°; 
30°C. 

polymer  chains  and  the  smaller  primary  aggregated  particles. 
As  the  solvent  is  varied  from  methanol  to  ethanol  and  then 
to  2-propanol,  the  dielectric  constant  (e)  of  alcohol  decreases 
and  the  difference  between  solubility  of  alcohol  and  that  of  the 
Nafion  backbone  (i.e.,  20.6  J1/2  cm-3/2)  decreases,  thus  both 
the  degree  of  Nafion  primary  backbone  aggregation  and  the 
secondary  ionic  aggregation  decreases  and  the  Nafion  aggre¬ 
gated  particle  size  in  the  solvents  decreases  in  the  sequence 
methanol/water  >  ethanol/water  >  2-propanol/water. 

3.2.  SEM  study  of  morphology  ofNafion/PTFE 
composite  membranes 

A  scanning  electron  micrograph  of  the  surface  of  the 
porous  PTFE  membrane  is  shown  in  Fig.  2.  It  is  seen  that 
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Fig.  3.  Scanning  electron  micrograph  of  surface  of  composite  mem¬ 
brane  prepared  by  impregnating  porous  PTFE  membrane  in  Nafion/2- 
propanol/water  (2-propanol/water  =  4/1  wt.  ratio)  solution  (2500 x). 

there  are  fibres  and  knots  in  the  membrane  with  enclosed  mi¬ 
cropores.  A  micrograph  of  the  surface  of  the  composite  mem¬ 
brane,  which  was  prepared  by  impregnating  porous  PTFE 
membrane  with  Nafion/2 -propanol/water  solution  (with  a  2- 
propanol/water  wt.  ratio  =  4/1)  is  shown  in  Fig.  3.  The  sur¬ 
face  of  PTFE  membrane  is  completely  covered  and  filled  with 
Nafion  resin  and  no  micropores  are  observed,  which  indicates 
that  the  porous  PTFE  membrane  is  well  impregnated  with 
Nafion  resin.  By  contrast,  a  micrograph  (Fig.  4)  of  the  surface 
of  composite  membrane,  which  was  prepared  by  impregnat¬ 
ing  porous  PTFE  membrane  with  5  wt.%  Nafion  solution  as 
received  from  DuPont  Co.,  reveals  the  presence  of  microp¬ 
ores.  This  observation  shows  that  the  porous  PTFE  membrane 
is  not  well  impregnated  with  Nafion  resin  solution  as  received 
from  DuPont  Co.,  since  it  contains  water,  methanol,  ethanol, 
and  2-propanol  mixture  solvents  and  has  larger  aggregated 
Nafion  particles.  It  is  obvious  that  the  smaller  aggregated 
Nafion  particle  sizes  in  a  2-propanol/water  mixture  solvent 
causes  easier  plugging  of  Nafion  molecules  in  the  micropores 
of  PTFE  membranes  and  this  results  in  the  formation  of  less 
micropores  in  NP-composite  membranes. 


Fig.  2.  Scanning  electron  micrograph  of  surface  of  porous  PTFE  membrane 
(5000x). 


Fig.  4.  Scanning  electron  micrograph  of  surface  of  composite  membrane 
prepared  by  impregnating  porous  PTFE  membrane  in  5  wt.%  Nafion  solution 
as  received  from  DuPont  Co.  (2500 x). 
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Table  2 

Resistance  and  conductivity  of  membranes  at  70  °C  and  a  relative  humidity 
of  95%  (Eq.  (1)) 


Membrane 

/  (cm) 

R(  £2) 

<r(Scm 

r=l/o  (cm2  S-1) 

Nafion-117 

0.0175 

0.552 

1.01  x  10"2 

1.730 

Nafion-112 

0.0050 

0.162 

9.82  x  10“3 

0.509 

NP-composite 

0.0020 

0.192 

3.31  x  10"3 

0.604 

3.3.  Conductivity  measurements 

The  conductivity  of  the  composite  membranes  was  mea¬ 
sured  using  an  a.c.  impedance  system  at  70  °C  with  a  relative 
humidity  of  95%.  The  conductivity  a  and  the  proton  resis¬ 
tance  per  unit  area,  r=//er,  of  Nafion-117,  Nafion-112,  and 
NP-composite  membranes  are  listed  in  Table  2.  The  data  are 
the  average  values  of  three  measurements  and  the  standard 
deviations  are  around  ±5%.  The  conductivity  a  of  the  NP- 
composite  membrane  is  lower  than  that  of  Nafion-117  and 
Nafion-112  membranes,  due  to  the  poor  conductivity  of  the 
PTFE  membrane.  On  the  other  hand,  because  of  its  smaller 
thickness,  the  composite  membrane  has  an  r  value  that  is 
lower  than  that  of  the  Nafion-1 17  membrane. 

3.4.  Methanol  cross-over  measurements 

Methanol  cross-over  tests  of  Nafion-1 12,  Nafion-117,  and 
NP-composite  membranes  were  performed  at  25  °C  with  a 
3M  methanol  aqueous  solution  in  vessel- 1.  The  XT  and  q 
values  are  summarized  in  Table  3.  Since  PTFE  is  an  excellent 
barrier  to  the  cross-over  the  membrane,  it  is  found  that  Xr 
increases  in  the  following  sequence:  NP-composite  <  Nafion- 
1 17  <  Nafion-1 12.  Though  the  NP-composite  membrane  has 
the  lowest  Xr  value,  the  rate  of  methanol  cross-over  per  unit 
area  q,  which  is  not  normalized  by  the  membrane  thickness, 
increases  in  the  order:  Nafion-1 17  <  NP-composite  <  Nafion- 
112,  because  the  NP-composite  membrane  has  the  lowest 
thickness. 

3.5.  Performance  of  direct  methanol  fuel  cell 

The  NP-composite,  Nafion-117,  and  Nafion-112  mem¬ 
branes  were  used  to  prepare  membrane  electrode  assemblies 
(MEAs)  that  were  evaluated  in  DMFCs.  The  potential  and 
the  power  density  of  a  single  cell  versus  current  density  for 
DMFCs  operated  at  70  °C  are  shown  in  Fig.  5.  The  concen¬ 
tration  of  methanol  feed  at  the  anode  site  was  2  M.  The  data 
show  that  the  voltages  of  the  single  cells  fall  as  the  current 
density  increases.  The  voltage  loss  at  low  current  densities  is 


Fig.  5.  DMFC  single  cell  performance  test  at  70  °C;  concentration  of  feed 
methanol  is  2  M.  MEAs  prepared  from:  (★)  Nafion  117;  (A)  Nafion  1 12;  (+) 
NP-composite  membrane. 

due  to  the  interfacial  resistance  and  is  called  the  activation- 
polarization  region  I  (i  <  30  mA  cm-2)  [20].  An  efficient  cat¬ 
alyst  will  help  to  alleviate  the  activation  polarization.  Region 

II  (30mAcm_2</<320mAcm“2)  occurs  at  current  densi¬ 
ties  higher  than  region  I  and  is  characterized  by  a  linear  fall 
with  increasing  current  density,  the  so-called  ohmic  loss.  This 
behaviour  is  due  to  the  resistance  to  the  flow  of  ions  through 
the  polymer  electrolyte  membrane  and  is  related  to  r  =  Ho 
[20-22].  The  other  reason  for  the  decrease  in  voltage  with 
increasing  current  density  is  related  to  the  methanol  cross¬ 
overrate  q  [20-22].  The  cross-over  of  one  methanol  molecule 
from  the  anode  to  the  cathode,  where  it  reacts  and  wastes  six 
electrons  rather  than  providing  an  external  current.  Region 

III  at  i  >  320  mA  cm-2  shows  a  final  additional  drop  in  volt¬ 
age  due  to  the  depletion  of  species  at  the  diffuser  and  catalyst 
layer  interface  and  is  termed  the  concentration-polarization 
region  [22]. 

The  data  in  Fig.  5  show  that  in  region  II  the  NP-composite 
membrane  has  the  highest  voltage,  and  thus  the  highest 
power  density.  The  voltage  (or  power  density)  of  MEAs  pre¬ 
pared  from  these  three  membranes  decreases  in  the  order: 
NP-composite  >  Nafion-1 17  >  Nafion-1 12.  As  mentioned  in 
a  previous  section,  the  decline  in  voltage  with  increasing  cur¬ 
rent  is  due  to  ohmic  loss  and  methanol  cross-over.  The  qr 
values,  the  product  of  the  rate  of  methanol  cross-over  and 


Table  3 

Xr,  q,  and  qr  data 


Membrane 

1  (cm) 

Xr  (wt.%  cm  *h  *) 

^molMeOH(cm  2s  ') 

qr  mol MeOH  (s“2S~‘) 

Nafion-117 

0.0175 

0.0032 

1.619  x  10"4 

2.801  x  10”4 

Nafion-112 

0.0050 

0.0035 

6.198  x  10~4 

3.155  x  10"4 

NP-composite 

0.0020 

0.0010 

4.427  x  10~4 

2.675  x  10~4 
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the  proton  resistance  per  unit  area,  of  the  three  membranes 
are  also  given  in  the  table  and  are  found  to  increase  in  the 
sequence:  NP-composite<Nafion-117<Nafion-112.  The  qr 
values  are  quite  consistent  with  the  single-cell  DMFC  per¬ 
formance  data  shown  in  Fig.  5. 

3.6.  Effect  of  methanol  concentration  feed  at  anode  on 
DMFC  performance 

It  is  known  that  the  introduction  of  PTFE  in  the  Nafion 
membrane  will  cause  a  reduction  in  proton  conductance  and 
methanol  cross-over.  The  following  sections  examine  the  ef¬ 
fect  of  methanol  concentration  feed  at  anode,  and  thus  the 
methanol  cross-over  in  the  membrane,  on  the  DMFC  volt¬ 
age.  The  cell  voltage  of  a  DMFC  can  be  written  as: 

V  =  E  '/an  rjcul  '/ohm  '/xov 

=  E  A\  1  n  |  i  /  i0]  r]ohm  Vxov  (5) 

where  V  is  the  cell  voltage,  E  the  reversible  open-circuit  volt¬ 
age-  'fin  the  overvoltage  of  the  anode,  /;cal  the  overvoltage 
of  the  cathode,  i  the  current  density,  /q  the  current  density 
at  which  the  overvoltage  begins  to  move  from  zero,  A  i  es¬ 
sentially  the  sum  of  slope  of  the  polarization  curves  for  the 
anode  and  the  cathode,  r/ohm  the  ohmic  overpotential,  )/xov 
the  overpotential  produced  by  methanol  cross-over. 

The  ohmic  overpotential  ^ohm  of  a  membrane  can  be  cal¬ 
culated  from  the  resistance,  i.e., 

*7  ohm  =  1-1/0  (6) 

where  /  and  a  are  thickness  and  conductivity  of  the  mem¬ 
brane,  respectively. 

The  methanol  cross-over  causes  depolarization  losses  at 
the  cathode  and  loss  of  fuel.  It  is  expected  that  when  the 
methanol  concentration  feed  in  the  anode  is  above  a  critical 
value,  there  will  be  a  decrease  in  the  cell  voltage  as  a  result 
of  higher  rates  of  methanol  transport  through  the  membrane. 
Permeation  of  water  and/or  methanol  through  an  electrolyte 
membrane  will  take  place  under:  (i)  the  driving  force  of  the 
concentration  differential  (AC)  across  the  membrane;  (ii)  the 
pressure  differential  A P  across  the  membrane  that  acts  on 
the  permeate  at  the  membrane-permeate  interface;  (iii)  the 
electro-osmotic  flux  of  methanol,  which  is  accompanied  by 
the  electro-osmotic  flux  of  water  caused  by  protons  drag¬ 
ging  solvated  water  molecules  through  the  membrane.  By 
assuming  (i)  Fick  diffusion  and  a  linear  concentration  gradi¬ 
ent  through  the  thickness  of  the  membrane,  i.e.,  the  methanol 
diffusivity  D  is  independent  of  the  concentration  differential 
AC  =  Can  —  Ccat,  where  Can  and  Ccat  are  the  concentrations 
of  methanol  on  the  anode  and  the  cathode  sides,  respectively, 
and  (ii)  that  the  permeate  from  the  anode  to  the  cathode  is 
entrained  in  the  carrier  gas  flow  at  a  rate  proportional  to  the 
methanol  concentration  at  the  cathode  Ccat,  the  overvoltage 
r]x ov  due  to  methanol  cross-over  can  be  calculated  [21]  as 


follows: 

'/ \m  =  /  )[  [ 

=  x(DCan/l  +  Xi/nF)/(  1  +  D/kl  +  KpAP/kl)  (7) 

where  x  is  a  constant,  TmcOH  the  flux  of  methanol  cross-over, 
D  the  diffusion  coefficient  of  methanol  across  the  membrane, 
X  the  number  of  moles  of  methanol  per  proton  transferred  by 
electro-osmosis,  n  the  number  of  electrons  involved  in  the 
reaction,  F  the  Faraday  constant,  k  a  mass  transfer  coeffi¬ 
cient  for  the  cathode  backing  layer  and  flow  channel,  Kp  a 
constant  related  to  the  hydraulic  permeability  across  a  pure 
Nafion  membrane,  A P  the  pressure  differential  across  the 
membrane. 

Eq.  (7)  predicts  that  the  flux  of  methanol  cross-over  has  a 
current-independent  term  that  is  affected  by  the  methanol 
feed  concentration  at  the  anode,  and  a  current-dependent 
term  (producing  an  /R-like  drop)  due  to  electro-osmosis  of 
methanol. 

Substituting  Eqs.  (6)  and  (7)  into  Eq.  (5),  yields: 

V  —  E  —  Ailn[i/t'o]  —  il/o  —  x(DCan//  +  Xi/nF)/ 

(1  +  D/kl  A  KpAP/kl)  (8) 

Rearranging  Eq.  (8)  and  separating  the  Can-dependent  and 
/-dependent  term  gives: 

V(i,  Can)  =  E  -  Ailn[///0]  -  A2Can  -  A3i  (9) 

with 

A2  =  XD/U  +  D/k  +  KpAP/k )  (10) 

A  3  =  l/o  +  x^/[nF(  1  +  D/kl  +  KpAP/kl)] 

=  l/o  +  Aeos(MeOH)  (11) 

In  Eq.  (11),  Aeos(MeOH)  =  xX/[nF(l  +  D/kl  +  KpAP/kl)~], 
which  is  a  term  that  relates  the  overvoltage  to  the  electro¬ 
osmosis  of  methanol  cross-over  in  the  membrane.  The  equa¬ 
tions  describing  A2  and  A3  are  valid  only  in  region  II  [20-22] 
and  a  large  overflow  of  water  from  cathode  to  anode  may 
occur  at  a  high  current  density  namely  i  >  350  mA  cm  -  due 
to  the  high  production  of  water  from  the  electrochemical  re¬ 
action  at  the  cathode.  The  parameter  A2  can  be  obtained  from 
the  slope  of  the  plot  of  V(i,  Can)  versus  Can  at  a  fixed  current 
density  i  with  330  mA  cm-2  >  />  /y.  The  parameter  A3  can  be 
obtained  from  the  slope  of  the  plot  of  V(i,  Can)  versus  i  at  a 
fixed  methanol  feed  concentration  at  the  anode  Can. 

The  unit  area  proton  resistance,  l/o,  of  Nafion-1 12  mem¬ 
brane  is  close  to  that  of  the  NP-composite  membrane.  In 
order  to  reduce  the  difference  in  overvoltage  difference  be¬ 
tween  two  DMFCs,  which  results  from  the  difference  in  Ho 
between  the  membranes,  MEAs  prepared  from  Nafion-1 12 
and  NP-composite  membranes  were  used  to  study  the  ef¬ 
fect  of  introducing  porous  PTFE  into  Nafion  polymer  on 
methanol  cross-over  in  the  membrane.  The  single  cell  volt¬ 
age  and  power  density  versus  current  curves  for  a  DMFC  at 
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Fig.  6.  DMFC  single  cell  test  (potential  and  power  density  vs.  current  den¬ 
sity)  at  70  °C.  MEAs  prepared  from  Nation- 112.  Concentrations  of  feed 
methanol:  (A)  2M;  (+)  3M;  (♦)  4M;  (•)  5M. 

70  °C  with  an  MEA  prepared  with  a  Nafion-1 12  membrane 
and  methanol  feed  concentrations  at  anode  of  2,  3,  4,  and 
5M  are  given  in  Fig.  6.  The  corresponding  plots  with  an 
MEA  prepared  from  the  NP-composite  membrane  are  given 
in  Fig.  7.  Plots  of  V(i,  Can)  versus  Can  for  an  MEA  made 
from  Nafion-1 12  membrane  and  operated  at  current  densi¬ 
ties  of  100,  150,  200,  and  250  mA  cm-2  are  presented  in 
Fig.  8.  The  corresponding  data  for  an  MEA  made  from  the 
NP-composite  are  shown  in  Fig.  9.  The  A 2  parameters  of 
Nafion-1 12  and  NP-composite  membranes  can  be  obtained 
from  the  slopes  of  the  plots  of  Figs.  8  and  9,  respectively,  and 
are  listed  in  Table  4.  The  relationship  between  V(i,  Can)  and  i 


Current  Density  (mA/cm2) 

Fig.  7.  DMFC  single  cell  test  (potential  and  power  density  vs.  current  den¬ 
sity)  at  70  °C.  MEAs  prepared  from  Nafion/PTFE  composite  membrane. 
The  concentrations  of  feed  methanol:  (A)  2  M;  (+)  3M;  (♦)  4M;  (•)  5  M. 


Fig.  8.  Plots  of  V(i.  Can)  VS.  Can  for  MEA  made  from  Nafion-1 12  membrane 
and  operated  at  current  densities  i  =  100mA cm-2  (A),  1 50  mA cm  2  (+), 
200  mA  cm-2  (0),  and  250mAcm~2  (O). 

for  MEAs  made  from  the  Nafion-1 12  membrane  and  the  NP- 
composite  membrane  with  350  mA  cm-2  >  i  >  100  mA  cm-2 
and  methanol  feed  concentrations  at  the  anode  of  2,  3, 4,  and 
5M  are  given  in  Figs.  10  and  11,  respectively.  The  A3  pa¬ 
rameters  of  Nafion-1 12  and  NP-composite  membranes  can 
be  obtained  from  the  slopes  of  the  plots  in  Figs.  10  and  11, 
respectively,  and  are  shown  in  Table  5. 


Can  (M) 


Fig.  9.  V(i,  Can)  vs.  Can  for  MEA  made  from  NP-composite  membrane 
and  operated  at  current  densities  i=  100  mA  cm-2  (A),  150  mA  cm-2  (+), 
200  mA  cm-2  (0),  and  250  mA  cm-2  (Q). 
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Table  4 

Parameter  Ai  from  Eqs.  (9)  and  (10) 


Current  density 
(mA  cm-2) 

A2  of  Nafion-1 12  V 
WmetOH)-1 

A  2  of  NP-composite  V 
WnetOH)”1 

too 

4.13  x  10~2 

3.16  x  10~2 

150 

4.69  x  10~2 

2.52  x  10'2 

200 

4.35  x  10~2 

3.92  x  10'2 

250 

5.58  x  10~2 

4.24  x  10~2 

Fig.  10.  VO,  Can)  vs.  i  for  MEA  made  from  Nafion-112  membrane  with 
350  mAcm~2  >  i  >  100  mAcm  2  and  methanol  feed  concentrations  are:  2  M 
(A),  3  M  (+),  4M  (♦).  and  5M  (•). 


Current  Density  (mA/cm2) 

Fig.  11.  Vii.  Can)  vs.  i  for  MEA  made  from  PN-composite  membrane  with 
350 mA cm-2  >/>  100mA cm~2  and  methanol  feed  concentrations:  2M 
(A),  3  M  (+),  4M  (♦).  and  5M  (•). 


Table  5 

Parameter  A?  from  Eqs.  (9)  and  (11) 


[MeOH] 

(M) 

A3  of  Nafion-112 
(V  cm2  mA’1) 

A3  of  NP-composite 
(V  cm2  mA'1) 

2 

1.010  x  10~3 

6.860  x  10~4 

3 

1.015  x  10~3 

7.073  x  10“4 

4 

1.112  x  10~3 

8.188  x  10~4 

5 

1.150  x  10~3 

9.230  x  10~4 

Table  6 
Parameter  Aeos 

(MeOH)  from  Eq.  (11) 

[MeOH] 

Aeos  (MeOH)  of 

Aeos (MeOH)  of 

(M) 

Nafion-112 

NP-composite 

(V  cm2  mA-1) 

(V  cm2  mA-1) 

2 

5.01  x  10~4 

0.820  x  10“4 

3 

5.06  x  10~4 

1.03  x  10"4 

4 

6.03  x  10~4 

2.15  x  10~4 

5 

6.41  x  10”4 

3.19  x  10”4 

A  2  is  a  parameter  that  relates  overvoltage  to  methanol  dif¬ 
fusion  cross-over  in  the  membrane.  The  values  in  Table  4 
show  that  the  NP-composite  membrane  has  a  smaller  A2  value 
than  Nafion-1 12,  which  suggests  a  lower  overvoltage  caused 
by  methanol  diffusion  cross-over  in  the  NP-composite  mem¬ 
brane  than  by  methanol  diffusion  cross-over  in  the  Nafion- 
112  membrane.  The  A3  parameters  of  NP-composite  and 
Nafion-112  membranes  are  also  summarized  in  Table  5. 
A3  is  a  parameter  that  relates  the  overvoltage  to  a  com¬ 
bination  of  proton  resistance,  Ha,  and  the  electro-osmosis 
of  methanol,  Aeos(MeOH),  in  the  membrane.  Aeos(MeOH) 
can  be  obtained  by  subtracting  l/a  (listed  in  Table  2)  from 
A3.  The  Aeos(MeOH)  data  for  Nafion-1 12  and  NP-composite 
membranes  are  given  in  Table  6  and  it  is  seen  that  the  NP- 
composite  membrane  has  the  smaller  value.  This  indicates 
that  the  overvoltage  caused  by  electro-osmosis  of  methanol  is 
lower  in  the  NP-composite  membrane  than  in  the  Nafion- 112 
membrane.  The  lower  A2  and  Aeos(MeOH)  values  for  the  NP- 
composite  membrane  suggest  that  introducing  porous  PTFE 
into  Nafion  polymer  causes  a  reduction  not  only  in  methanol 
diffusion  cross-over  but  also  in  electro-osmosis  of  methanol 
cross-over  in  the  membrane. 


4.  Conclusions 

A  study  has  been  conducted  of  the  application  of 
Nafion/PTFE  composite  membranes  in  DMFCs.  It  is  found 
that  introducing  porous  PTFE  into  Nafion  polymer  causes 
reductions  in  both  methanol  diffusion  and  methanol  electro¬ 
osmosis  cross-over  in  the  membranes.  One  way  to  reduce  the 
methanol  cross-over  for  the  unmodified  pure  Nafion  mem¬ 
brane  is  to  increase  the  membrane  thickness.  The  experi¬ 
mental  results  reveal  that  although  increasing  the  membrane 
thickness  causes  Nafion-1 17  (thickness  ~  175  pm)  to  have  a 
lower  methanol  cross-over  rate  than  the  NP-composite  mem¬ 
brane  (thickness  ~20  pm),  it  also  causes  Nafion-1 17  to  have 
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a  higher  proton  resistance  than  the  NP-composite  membrane. 
The  combination  of  these  two  factors  results  in  the  NP- 
composite  membrane  giving  a  better  DMFC  performance 
than  Nafion-117.  Compared  with  a  low-thickness  Nafion- 
112  membrane  (thickness  ~50|xm),  the  experimental  data 
indicate  that  the  NP-composite  membrane  has  higher  proton 
resistance  and  lower  methanol  cross-over  values.  Further  in¬ 
vestigations  of  DMFC  performance  with  various  methanol 
feed  concentrations  at  the  anode  have  revealed  that  the  NP- 
composite  membrane  had  lower  A  2  and  Ae0s(MeOH)  values, 
which  are  parameters  that  relate  overvoltage  to  diffusion  and 
electro-osmosis  of  methanol  cross-over  in  the  membrane,  re¬ 
spectively.  A  combination  of  the  results  for  proton  resistance 
and  Aeos(MeOH)  causes  the  NP-composite  membrane  to  have 
a  lower  A3  value,  which  is  a  parameter  related  to  the  current- 
dependent  overvoltage,  than  Nafion-1 12  membrane,  and  thus 
a  better  DMFC  performance. 
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